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Renal medullary Na-K-ATPase and hypoxic injury in perfused rat
kidneys. We wished to see if chronic alterations in Na-K-ATPase
activity in the medullary thick ascending limb would modify the
susceptibility of its cells to the hypoxic injury produced by perfusion of
the isolated kidney. Rats were fed a diet high (64%) or low (8%) in
protein for three weeks. Renal medullary Na-K-ATPase was 75 12
U/mg protein/hr (mean SE) in the high protein group and 44 3 in rats
given low protein. After 90 minutes of perfusion, the kidneys of rats fed
a high protein diet showed almost all mTAL cells near the inner medulla
with severe damage (93 4.8%), whereas the same zone in perfused
kidneys of rats on a low protein diet showed only 47 7.7% injury. In
a similar fashion, damage to mTAL cells seen in perfused kidneys was
greatly augmented by compensatory renal hypertrophy produced by
removal of the contralateral kidney two weeks earlier, and by a diet
high in potassium given for two weeks, procedures which also increased
the activity of medullary Na-K-ATPase. The results suggest that the
level of transport work of medullary cells mediated by Na-K-ATPase is
a determinant of the vulnerability of mTAL cells to hypoxic injury.
During perfusion of the isolated rat kidney the medullary
thick ascending limb of Henle's loop (mTAL) develops a
structural lesion as the result of anoxic injury [1]. The lesion is
prevented or greatly ameliorated by ouabain or furosemide,
transport inhibitors that reduce cellular work in this portion of
the nephron [21. Such experiments suggest that in a variety of
experimental and clinical situations, susceptibility of the mTAL
to hypoxic damage might be related to its level of transport
activity. In the present experiments, chronic treatment regi-
mens were used to alter the transport capacity of the medulla of
rat kidneys, which were then perfused in isolation. The results
are consistent with the hypothesis that active transport by the
mTAL predisposes to hypoxic injury.
Methods
Male Sprague-Dawley rats, weighing 270 to 400 g, and
allowed free access to water, were used for all experiments.
Perfusion of the right kidney was performed according to the
technique described by Ross, Epstein and Leaf [3]. The perfu-
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sion medium consisted of a Krebs-Ringer-Henseleit solution
with bovine serum albumin at a concentration of 6.7 g/100 ml
and glucose at 5 mM, gassed with 5% C02, 95% 02. Kidneys
were perfused for 90 minutes before their fixation for histolog-
ical evaluation. Perfusion pressure was held constant at 100 mm
Hg distal to the tip of the arterial catheter.
Experimental groups
A. Protein feeding. Six rats were fed a high protein diet (ICN
Pharmaceuticals, Cleveland, Ohio, USA) containing 64% pro-
tein, 22% carbohydrate and 8% fat, for three weeks before the
kidney perfusion. Another six animals were fed a low protein
diet obtained from the same source, containing 8% protein, 78%
carbohydrate and 10% fat, for the same length of time.
B. Compensatory hypertrophy. The left kidney was removed
from six rats, two weeks before the remaining (right) kidney
was used for isolated perfusion. In another six rats, uninephrec-
tomy was performed in the same way, and after two weeks the
right kidney was removed, weighed, and used for the determi-
nation of medullary Na-K-ATPase. These animals were fed
Purina rat chow (Ralston Purina Co., Chicago, Illinois, USA)
containing approximately 26% protein.
C. Potassium loading. For two weeks before their kidneys
were removed and perfused, six rats were fed a diet containing
26% protein, 43% carbohydrate, 13% fat, and 2 mEq KCI per
gram, designed to provide approximately 40 mEq of potassium
per day per rat, or roughly 12 times that of controls.
D. Control. The perfused kidneys of seven rats fed Purina rat
chow served as controls.
Renal function
Glomerular filtration rate was estimated by clearance of '4C
inulin at 10 minute intervals throughout the experiment. Per-
fusate flow was established from an in-line Brooks flowmeter.
Values referred to in the Tables are at 30 minutes of perfusion.
Fractional reabsorption of sodium (% FENa) is expressed as
percent of filtered load. Because isolated kidneys were perfu-
sion-fixed with intra-arterial glutaraldehyde at the conclusion of
the experiment, the opposite kidney was used for the determi-
nation of Na-K-ATPase and its weight was used to calculate
values for GFR and flow rate per gram wet weight.
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Na-K-A TPase
The kidney was removed, stripped of its capsule and kept in
ice-cold saline. The red (outer) medulla was dissected with fine
scissors, discarding the tissue adjacent to the border. The tissue
was blotted dry, weighed and homogenized in a 20/1 (vol/wt)
solution containing 0.25 M sucrose, 6 m EDTA, 20 mM
imidazole, and 2.4 m sodium deoxycholate, pH 6.8. The
homogenate was filtered through a double layer of gauze and
after 20 minutes assayed for enzyme activity.
Na-K-ATPase activity was defined as the difference between
the inorganic phosphate liberated in the presence and absence
of potassium, corrected for spontaneous nonenzymatic break-
down of ATP. Total ATPase was determined in a 5 ml reaction
mixture containing NaCI 100 mr.i, KC1 20 mt, imidazole buffer
pH 7.8 10 mM, MgCl2 6 m, and ATP disodium salt (Sigma
Chemical Corp., St. Louis, Missouri, USA) 6 mi, and enzyme
suspension enough to bring the final protein concentration to
0.005 to 0.01 mg/mi. The reaction was started by the addition of
ATP and MgC12 shaken in a water bath at 37°C for 15 minutes.
The reaction was stopped by addition of the sample to an
ice-cold solution of ammonium molybdate 8 m and ferrous
sulfate 0.18 M. After 20 minutes, the inorganic phosphate
liberated was measured in a 300 N Gilford spectrophotometer at
700 nm (the activity of the enzyme was expressed as micro-
moles of inorganic phosphate liberated per milligram of protein
per hour).
Morphological techniques
The morphology of all kidneys in each group was examined.
A three-way stopcock was incorporated into the circuit 5 cm
from the arterial cannula to allow perfusion with the fixation
solution, at the same pressure applied during the functional
study, for an additional five to eight mm. The fixative solution
contained 1.25% glutaraldehyde in 0.1 M phosphate buffer (pH
7.4). The sections were postfixed in buffered 2% 0s04, dehy-
drated and embedded in an araldite-epon 812 mixture. Large (3
x 3 mm) sections of the outer medulla were cut. The sections
were examined by light microscopy and selected blocks were
evaluated by electron microscopy.
The histological evaluation was completed by Dr. S. Rosen in
a "blinded" fashion; that is; without knowledge of experimen-
tal conditions [1]. Three zones of the inner stripe were ana-
lyzed: upper third (A): all mTALs intersecting a line immedi-
ately adjacent to the outer stripe (within —0.2mm); middle third
(B): all mTALs intersecting a line drawn midway between the
borders of the inner stripe; and lower third (C): all mTALs
intersecting a line immediately adjacent to the inner medulla
(within —0.2 mm).
These points were chosen for analysis because they provided
areas in which topographical landmarks were easily ascer-
tained. A percentage score was used to indicate the fraction of
tubules involved with minimal to mild changes (chromatin
margination, minor degrees of mitochondrial swelling), moder-
ate changes (blatant mitochondrial swelling with extensive
nuclear pyknosis), or severe changes (blatant mitochondrial
swelling with extensive nuclear pyknosis and cell fragmenta-
tion). Between 80 and 270 tubules (mean 130) were evaluated
per kidney.
Statistical analysis
Results are presented as mean SE. Student's t-test and
one-way analysis of variance with the Newman-Keuls test were
used for comparison of different groups.
Results
Dietary protein
The kidneys of rats fed on a high protein diet for three weeks
were 23% heavier than those fed a low protein diet (P <0.01).
Inulin clearance and perfusate flow of the isolated kidney varied
in proportion to kidney weight, and fractional reabsorption of
sodium was similar (95 to 96%) in the two groups. The specific
activity of Na-K-ATPase in outer (red) medulla was 70% higher
in rats fed high protein (75 4.7 jsm P1/hr/mg protein) than in
rats fed a low protein diet (44 1.2; P < 0.01). After 90 minutes
of perfusion, severe damage in the deep region (zone C) of the
outer medulla was present in 68 8% of mTALs in the high
protein group, but only 47 8% of the low protein rats (P <
0.01).
Compensatory hypertrophy
By two weeks after unilateral nephrectomy, the remaining
kidney had increased 30% in weight (1.74 0.4 g vs. 1.34 .08
in controls). GFR and perfusate flow increased in proportion to
the gain in weight, so that inulin clearance and perfusion rate
per gram of kidney tissue did not differ significantly from values
in control kidneys. Fractional reabsorption of sodium (93
1.5%) was also similar to controls. The specific activity of
Na-K-ATPase in outer medulla was significantly elevated in
these hypertrophied kidneys (79 4 units) as compared with
control (57 3.2; P < 0.01). Severe damage to mTALs in the
deep zone of the outer medulla was much more pronounced in
hypertrophic kidneys, involving almost all tubules (93 4.8%),
than in control kidneys (57 3.8%; P < 0.01). Severe injury
was also more widespread in the most superficial region of the
outer medulla than in control kidneys.
High potassium diet
The perfused kidneys of rats ingesting a diet containing
approximately 40 mEq potassium per day per rat (roughly 12 x
that of controls) resembled control kidneys in weight, GFR and
fractional sodium reabsorption, though their perfusate flow was
slightly higher (34.7 0.9 mI/g vs. 28.1 2.1; P < 0.01).
Medullary Na-K-ATPase was substantially increased (115 4.6
vs. 57 3.2; P < 0.01) and severe damage to deep mTALs was
greatly enhanced, involving 83.5 6.8% of all tubules.
Discussion
Considerable evidence suggests that renal meduilary cells
habitually exist in a precarious state with respect to their supply
of oxygen. The partial pressure of oxygen within the medulla is
much lower than in the renal cortex, and approaches the
"critical P°2" at which oxygen supply limits the rate of cellular
metabolism [4]. This is a consequence of the counter-current
system of capillary flow within the medulla that permits oxygen
to diffuse across the top of the capillary loops supplying the
medulla with blood, and also of the high rate of oxygen
utilization mandated by active reabsorption of NaC1 in the
medullary thick ascending limb. In isolated rat kidneys perfused
770 Epstein et a!: Na-K-A TPase and hypoxic injury
Table 1. Effects of variations in dietary protein on isolated perfused rat kidney
Diet
% Severe damage mTAL Medullary
Na-K-ATPase
pM Pi/mg prof/hr
c,
Zone A Zone B Zone C mi/mm mug wet wt/,nin
High (64%) protein 6 2 76 4 68 8 75 4.7 0.67 0.06 0.38 0.05(N = 6)
Low (8%) proteinN = 6) 1 0.3 71 3 47 8 44 l.2 0,52 0.06 0.36 0.05
Values are mean SE. Na-K-ATPase and kidney weight were measured in the opposite (left) kidney, not used for perfusion. Ci,, and Perfusate
flow are values at 30 mm of perfusion.
a p < 0.01 vs. high protein diet
Table 2. Effect of compensatory hypertrophy and dietary potassium on isolated perfused rat kidney
Experiment
% Severe damage mTAL Medullary
Na-K-ATPase
iMPi/mg prot/hr
c,
Zone A Zone B Zone C mi/mm m!/g wet wi/mm
Control(N=7)
Uninephrx (N = 6)
9±337 5.6 86±291 1.4 57±3.893 4.8c 57±3.279 a.b 0.62±0.060.76 0.06 0.48±0.07—
High K diet (N = 6) 7.5 4 88 2 83.5 2.8a 115 4.6a 0.61 0.06 0.47 0.05
Values are mean SE. Probabilities calculated by one-way analysis of variance. Medullary Na-K-ATPase and kidney weight was measured in
the opposite (left) kidney, not used for perfusion, in Control and High-K experiments. In the Uninephrx group these determinations were
performed on the remaining kidneys of six additional rats of the same weight subjected two weeks earlier to unilateral nephrectomy.
a P < 0.01 vs. control
'P < 0.01 vs. High K
P < 0.05 vs. High K
with a cell-free medium, the result is a specific lesion of tubular
cells caused by cellular anoxia, most pronounced in the deepest
portion of the outer medulla and largely confined to the thick
ascending limb [1]. In acute experiments this lesion is blunted
or prevented by blocking transport in the thick limb [1, 2],
suggesting that injury might be enhanced by circumstances
associated with an increase in mTAL transport.
We therefore prepared rats in three ways shown previously to
induce adaptive changes in mTAL and/or medullary Na-K-
ATPase, since this might reflect a chronic increase in pump
activity in the thick limb of Henle's loop. Kidneys of rats fed for
several weeks on a high protein diet develop a selective
hypertrophy of the medullary thick ascending limb [5]. At the
same time, Na-K-ATPase activity per unit of tubular length
increases to a level 50% higher than that found in the mTALs of
animals on a low protein diet [61. That these changes are
associated with an increase in active transport in the thick limb
was confirmed by the findings of Senay, Persson and Wright,
who observed that the amount of NaCI reabsorbed in the loop
of Henle was greater in rats on a high protein intake than in
those fed a low protein diet [7]. Compensatory hypertrophy
produced in rats following renal ablation has long been known
to increase sodium reabsorption in remaining nephrons [8] in
association with an increase in medullary Na-K-ATPase [9—13].
Finally, chronic potassium loading has also been shown to
induce a substantial increase in medullary Na-K-ATPase in rats
[13, 14]. In the rat, Na-K-ATPase activity in the collecting ducts
of the medulla does not increase [15] and it is likely that the
mTAL is largely responsible for the bulk of the increase in
Na-K-ATPase activity found in the outer medulla. Whether this
is associated with an increase in mTAL transport in K-loaded
rats is not known. In mice, potassium loading produces a
marked increase in enzymatic activity in medullary collecting
ducts, and an increase of about 20% in the thick limb of Henle
[161.
In the present experiments, the activity of Na-K-ATPase in
outer medulla was closely correlated with susceptibility of the
mTAL to hypoxic damage during isolated kidney perfusion
(Fig. 1). It seems reasonable to assume that this was related to
increased utilization of oxygen needed to supply energy for ion
transport by medullary tubules, but such changes in segmental
transport, it should be pointed out, remain to be demonstrated
in the circumstances of these experiments since overall reab-
sorption of sodium did not differ significantly between groups.
Concomitant changes in cell size or in mitochondrial clumping
might also affect vulnerability to hypoxia, by altering the critical
p02 of mTAL cells [17, 18]. Because of the counter-current
arrangement of capillary flow within the medulla and the
resultant cortico-papillary gradient of oxygen tension, any
increase in oxygen utilization at any site supplied by the vasa
recta must necessarily result in a reduced ambient p02 that will
be most pronounced in the deepest portion of the medulla
towards the tip of the hairpin loop. Presumably this is why the
morphological changes we observed when Na-K-ATPase activ-
ity was increased, were most marked in zone C of the outer
medulla.
The present study, it should be noted, specifically addresses
the question of injury to medullary portions of the thick
ascending limb. It is not clear whether alterations in transport
activity can modify anoxic injury to cortical segments of the
proximal tubule, like that produced by ischemia-perfusion [19].
In the isolated perfused rat kidney, a reduction in active
transport produced by ouabain does not appear to ameliorate
anoxic damage to proximal tubular segments Sl and S2 [20, 21].
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Table 1. Extended
Perfusate flow % Rat KidneyFiltered
weight weightNa reab-
sorption g
mug wet
mi/mm wtlmin
56 1.4 31 1 95 0.1 389 13 1.81 0.09
42 1.88 29 1.5 96 1.1 356 148 1.47 0.06
Table 2. Extended
Perfusate flow % RatFiltered
weightNa reab-
sorption
Kidney
weight
mug wet
mi/mm wt/min g
37 1.2 28 2.1
48 28 —
46 2 34.7 Q9a
94 1 338 18
93 1.5 335 8
96 0.9 320 9.7
1.34 0.08
1.74 0.04
1.33 0.06
The implication of these findings is that a chronic increase in
transport activity may render certain renal tubular cells, espe-
cially those of the medullary thick limb, more prone to injury.
Compensatory renal hypertrophy following uninephrectomy
has in fact been shown to exacerbate mTAL damage and renal
insufficiency produced in rats by a radiocontrast agent [22].
Renal failure in a rat ischemia-reflow model is exacerbated by
prefeeding a high protein diet and reduced by a diet low in
protein [23]. Tubular hypermetabolism has also been invoked as
a factor promoting progression of chronic renal failure following
partial ablation of the kidneys [24, 25]. Thus, as renal disease
advances and the burden of tubular reabsorption in hypoxic
areas of the kidney like the renal medulla is borne by fewer and
fewer cells, one factor contributing to the inexorable progres-
sion of interstitial scarring and renal failure may well be the
increased susceptibility of highly active remnant cells to injury.
Increased vulnerability of medullary tubules to hypoxia might
also explain in part the deleterious effect of high protein diets on
experimental forms of chronic renal disease [26].
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